ABSTRACT In this paper, a methodology to assess power system voltage stability margins from time-series data is presented. The proposed method obtains time-series from dynamic simulations subject to sequential load changes that are then used as an input to a voltage stability estimation method. After a contingency is applied, load perturbations aim to move the system through different loading levels. This approach allows estimating voltage stability margins from time-series without any information or numerical quantities of the mathematical model of the system other than the simulation's output. This is useful for dynamic security assessment systems that only have transient simulators for their workflows and still require to estimate the voltage stability margins. The proposed method is used to quantify the severity of the contingencies using a three-layer index. The proposed approach is illustrated using a simple two-bus system and then tested using time-domain simulations of the Nordic-44 Bus test system.
I. INTRODUCTION A. MOTIVATION
The challenge brought by the ongoing energy transition has lead electric utilities to operate closer to their operatinglimits. Near real-time monitoring and operation tools can help to mitigate potential undesired behavior, by providing means to operate the system with more flexibility, adapt to intermittent generation sources [1] , and in addition, to securely address the increase in the number of large-scale outages [2] . This paper describes a method that aids operational tools in determining voltage stability margins from time-series of dynamic simulators within a dynamic security assessment platform.
B. PREVIOUS WORK
The main categories of computations performed for voltage stability analysis purposes are contingency analysis and security margin calculations [3] . Contingency analysis methods determine system's response due to loss of N-1 critical components, at a given operating point. Static and dynamic time-domain simulation methods are generally used in contingency analysis to assess the voltage stability of a given power system [4] . Static methods focus on the existence of equilibria and therefore rely on the solution of non-linear algebraic equations that assume equilibrium conditions of the system's dynamics [5] . Power flow-based contingency analysis and continuation power flow (CPF) are some examples of static methods [6] . Static methods are usually very efficient but they neither account for post contingency control actions that depend on the system's evolution, nor do they capture more complex instability mechanisms. Timedomain methods, on the other hand, are generally computationally demanding, but offer higher accuracy and better information (e.g. w.r.t the system's response to a sequence of events) [3] .
C. DYNAMIC SECURITY ASSESSMENT (DSA) TOOLS
The scope of the DSA is to provide Energy Management System (EMS) operators with a tool for transient/voltage/ small-signal stability analysis to be used on-line during the normal cycle of real time operation and off-line with the purpose of analysis [7] - [10] . DSA tools can be integrated with EMS [11] and can be operated in two modes: (i) On-line mode: using the network data and State Estimation (SE) solutions, and (ii) Off-line mode: to execute offline analysis applications for operational planning. The firsthand experience and challenges of using the DSA tools by utilities is provided in [12] and [13] . To address some of the challenges, the FP7 iTesla 1 project aimed to build a software toolbox to, among many goals, provide the means to perform DSA [14] - [16] . To this end, the off-line analysis workflow within the iTesla toolbox performs a contingency impact assessment using time-domain simulations [17] . This impact assessment is performed by calculating pre-and-postcontingency severity indexes.
D. VOLTAGE STABILITY ASSESSMENT
Large efforts have been made to understand voltage stability better, to detect it faster, and to evolve a strategy to mitigate it once its likelihood is observed. To this purpose, it is essential to estimate the maximum permissible loading of a system using the information about the current operating point. The conventional PV or VQ curves are used as a tool for assessing voltage stability and to find the maximum loading at the verge of voltage collapse. These curves are generated by running many power flow cases using conventional methods. While such procedures can be automated, they are time-consuming and do not readily provide all information required to determine the causes of stability problems. To overcome these disadvantages several techniques have been proposed in the literature, such as bifurcation theory, energy methods, eigenvalue and singular value methods [18] - [20] etc. However, these methods are computationally intensive, which makes them less viable for fast computation during a sequence of discontinuities, e.g. generators violating field current or reactive limits etc. Moreover, in the present deregulated context, a quick computation is necessary to take adequate corrective actions in time to save the system from an impeding voltage collapse.
In this paper, the time-domain simulation method adopted for voltage stability analysis in the iTesla platform (https://github.com/itesla/ipst) is analyzed and expanded. This method requires time-series from dynamic simulations because of: (a) lack of access to the core of power flow tools to exploit the static model, (b) no availability of a CPF tool and, more importantly, (c) because of the aforementioned advantages. In the authors' previous work used in the iTesla platform, the original methodology required the execution of three dynamic simulations, at three different loading levels for a given network. While this approach provides good estimates of the margin, it also increases the computational requirements from O(n) to O(3n) (where n is the number of time-domain simulations to be executed). In order to reduce the computational burden and to keep adequate estimation accuracy, while at the same time comply with the singlesimulation contingency workflow requirements of iTesla toolbox (which are similar to other DSA tools [20] ), a new method is proposed here.
The benefit of the method is therefore to provide means to assess a large number of simulations by analyzing their time series, while at the same keeping computational requirements in the O(n) order. The outputs of this method are to be used within the DSA tool to derive rules for operators, which can be built using decision trees [20] .
E. CONTRIBUTION
This paper proposes a new method to calculate the severity index using a new method to estimate a Thevenin equivalent using a Total Least Squares (TLS) algorithm and offers the following contributions.
• The proposed method requires only one time-domain simulation per contingency, and the accuracy of the margin's estimation is maintained by introducing load perturbations to identify any slow-voltage dynamic characteristics of the system.
• The paper investigates the method's performance during pre-and post-contingency states and accuracy comparisons are made with the previous method.
• The value of the new method in synthesizing the information is highlighted by calculating a data synthesis factor that is compared with the previous method.
• Case studies are performed by simulating the dynamic response of a simple two-bus system and the Nordic 44 bus system [21] , [22] . The remainder of this paper is organized as follows. Section II explains the equivalent model estimation along with the severity index computations. Section III describes the proposed methodology. Section IV illustrates the computational and accuracy analysis with the proposed method. Section V presents the results obtained when the proposed method is applied to the Nordic 44 bus system. Conclusions are drawn in Section VI.
II. EQUIVALENT MODEL ESTIMATION AND SEVERITY INDEX COMPUTATIONS
Voltage stability (VS) is the system's capability of keeping the voltages at buses close to their nominal values after a disturbance [2] . Voltage instability phenomena can be identified using both static and dynamic analysis methods. The approach proposed here is to identify equivalent power system models from the time series of dynamic simulations and use them to predict the voltage stability limit [23] .
A. SINGLE VOLTAGE SOURCE AND LOAD MODEL
The Thevenin equivalent of the power system as viewed from a single measurement location neglecting losses is shown in Fig. 1 . The equivalent model parameters (E, δ, X ) are calculated from time series (V i , P i , Q i ) data as described in [23] . The method presented in [23] considered a linear P-Q load model as shown in (1) .
The values of α and β are calculated by solving a least square problem, as described in [23] . This linear P-Q load model can be combined with the single voltage source model in order to calculate the PV curve and the voltage stability limit for the power transfer at the bus of interest by solving (2).
The three layers of the index are: Single Bus Index (SBI), All Buses Index (ABI) and Global Bus Index (GBI). The SBI is a R (2Nb×b) matrix where Nb is the number of buses under analysis. The SBI provides the distance in pre-and-post contingency for the power (P lim ) and voltage (V lim ) limits of a selected bus or group of buses. The SBI is defined in [13] and is divided as follows: column 1-3 correspond to the distance from each of the given loading level to the limit with respect to power while column 4-6 corresponds to the distance for each loading level to the limit with respect to the voltage. In the SBI, for each bus, there are four rows, odd rows correspond to pre-contingency data and even rows correspond to postcontingency data. The SBI is mathematically given by, (3), as shown at the bottom of this page, where
If an element of the SBI is negative, then the power or the voltage at the same loading level has exceeded the operational limits. It should be noted that the voltage and power limits considered are not the theoretical maximum loadability limits but operational limits i.e. a ε smaller than the theoretical limits. ε is set to the best judgement of the analyst, e.g.
The All Bus Index ABI is a R (1×6) vector with the loading points of the bus that has the minimum distance to the power and voltage limits in pre-and-post contingency and is defined as (4) , as shown at the bottom of this page, where i, j, r and k are defined in (3).
The Global Bus Index GBI is a 2-element vector that provides the overall minimum distance to the power and voltage limits with respect to all the buses, thus synthesizing the ABI.
The values of SBI and consequently, ABI and GBI are computed from the above expressions. The GBI allows to monitor if a contingency poses a voltage stability issue. Then ABI and SBI indexes can be used within the DSA tool to derive rules for operators, which can be built using decision trees [18] . Note that the variable εwill allow to provide an acceptable answer even though there might be uncertainties in both the model (and its parameters) and or the results of the simulation itself (time-series data). This can be considered as taking a ''safety margin'' from the maximum loadability point to deal with modeling uncertainties.
III. PROPOSED METHODOLOGY A. NEED FOR A NEW METHODOLOGY
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computational burden, to keep adequate estimation accuracy, and at the same time to comply with the single-simulation workflow requirements of the iTesla toolbox, a new method is required. In the iTesla toolbox, it is possible to configure sequential events (e.g. load perturbations, line trips etc.) to be applied to a single network configuration during each single simulation. Hence, a new method that uses sequential events and complies with the workflow requirements of the iTesla toolbox was developed and is explained in the sequel.
B. ASSUMPTIONS AND REQUIREMENTS
The tool's off-line workflow allows to carry out only one time-domain simulation, from which the resulting data is used as input to the VS severity index calculation. The timedomain simulation consists of one pre-contingency operating condition followed by a minimum of three post-contingency operating conditions as shown in Fig. 2 . A minimum of three operating points is required to estimate the PV curve for a given network configuration. In the pre-contingency operating state, only one operating condition from time-domain simulations is necessary as the remaining operational conditions are derived from operational and nameplate data that is available in the platform. Two precontingency operating conditions can be derived from the no load operating point (α, β) and an operational point based on the voltage limits (V o lim , P 1 ) and the MVA limits (V 2 , P o lim ) of the line in pre-contingency state. P 1 is the active power for which the bus voltage reaches the operational voltage limit V o lim for the given bus that can be calculated using power flow. Similarly, V 2 is the voltage of the bus for which active power flow reaches the operational limit P o lim and this can also be calculated using power flow. Using these operating points two PV curves are estimated for the pre-contingency state as shown in Fig. 3 . and the ''exact'' (theoretical solution) PV curve lies between these estimated PV curves.
C. ALGORITHM
Considering the assumptions and required data listed in the previous section, Fig. 4 . explains the new algorithm for the VS severity index calculation. The new VS severity index calculation algorithm is carried out in the following steps.
Step 1. Time-series from time-domain simulations can be divided into one pre-and three post contingency states.
Step 2. Using the post-contingency operation states (P i , Q i ) from time series data, (α, β) are estimated by solving (1).
Step 3. Using the estimated (α, β) values and (V i ,P i ) from time series data, the post-contingency PV curve is estimated by solving (2) using least squares.
Step 4. Time series (V 1 ,P 1 ,Q 1 ) and the input values that correspond to the no load operating point (V 0 , P 0 ), voltage limits (V o lim , P 1 ) and MVA limits (V 2 , P o lim ) of the line; the pre-contingency PV curve can be solved (2) using least squares.
Step 5. Using the estimated PV curves and input operation states, the severity indexes are calculated as explained in Section-2.
D. DATA SYNTHESIS
The added value of the new method and index computation approach in synthesizing information is quantified by the data synthesis factor defined next. This factor allows to quantify the need of storage by aggregating the information contained in the time series. As shown in the following section, it is important to note that the indexes preserve the most important from the time series. The data synthesis factor is given by,
XXkB(data) XXkB(indexes)
= y fold (6) Where XXkB(data) is the memory used by the raw timeseries data and XXkB(indexes) is the memory used by the indexes. 
E. SUMMARY OF ADVANTAGES OF THE

PROPOSED METHOD
The proposed method requires only one time-domain simulation per contingency, and the accuracy of the margin's estimation is maintained by introducing load perturbations to identify the slow-voltage dynamic characteristics of the system.
IV. COMPUTATIONAL AND ACCURACY ANALYSIS A. ILLUSTRATIVE EXAMPLE
This section illustrates the use of the proposed algorithm for index computations as described in the above sections and the interpretation of its results. The aim is to calculate the distance from different operating points in pre-and-post contingency states to the maximum operational limits in terms of voltage and power. For this illustrative example, a simple two-bus system connected with two lines shown in Fig. 1 . is used. A time-domain simulation was carried out for 20 seconds. A contingency was applied at the 5 th sec and sequential load perturbations were applied every five seconds after the contingency until the end of the simulation. The time-domain simulation with voltage and power along the time axis is shown in Fig. 5 . and the estimated postcontingency PV curve is shown in Fig. 6 . . depicts the estimated post contingency curve with respect to estimated pre-contingency curves. These curves were estimated using the blue and red data points highlighted in Fig. 5 . which are shown as brown circles on the precontingency curve and red color (small) circles on the postcontingency curve. It can be observed from Fig. 7 . that the post-contingency curve (red) is smaller than the precontingency curves (blue, green) because the impedance of the system increased after the disturbance in the network at the 5 th sec. It should also be noted that the distances ( P s and V s) in the post-contingency are smaller than in pre-contingency and negative in some cases. In postcontingency, the curve shrinks and the power transfer limit decreases. After estimating the equivalent model, the algorithm is applied, and the obtained results are given in TABLE 1. The GBI is used to interpret the given operating point that is very near to the voltage stability limits of the system. In this case, both the elements of the GBI are negative indicating that at least a power and voltage limit was violated. The ABI is used to retrieve more specific information i.e. in this case elements (1, 3) and (1, 6) of the given load levels are negative indicating that there are violations at heavy loading level in both power and voltage.
From the SBI it can be observed that elements (4, 3) and (4, 6) are negative, indicating that during postcontingency these loading levels are on the right-hand side of the power limit and below the voltage limit as shown in Fig. 7(a) and 7(b) . Thus, from the severity index it can be interpreted that operation of the system at this loading level will lead voltage instability for the applied disturbance.
B. COMPUTATIONAL BENEFITS AND ACCURACY COMPARISONS
The voltage stability indexes calculated using the previous method from [24] is given in TABLE 2.
From the results given in Table 1 and 2, it can be observed that the calculated indexes using both methods are quantitatively comparable. The new method was developed such that it estimates two pre-contingency PV curves between which the ''exact'' solution of the PV curve exists. For example, the voltage stability index for the third operating point in the new method (in IV-B) is negative, which implies that the given operating point violates voltage stability limits during post-contingency. The same can be observed from the indexes (in TABLE 2) calculated using old method. The data synthesis factor for both the methods is calculated and tabulated below. It can be observed from IV-C that the new method requires less data (time-series) and preserves more information (index, pre-contingency) while at the same time achieves higher reduction. This will be further described in the following section for a larger network and time-series data set where this becomes more obvious. The new method not only reduces them from O(3n) to O(n) (where n is the number of timedomain simulations to be executed), but also provides good estimates of the margin. It can be observed from Fig. 8 . that as the number of calculations is increased, a runtime burden on O(3n) (old method) is higher than O(n) (proposed method). Thus, making the proposed method computational more efficient than the previous one. For the sake of completeness, a CPF routine [25] is also executed on the given network in order to cross-validate the VOLUME 6, 2018 FIGURE 9. Estimated PV curves vs PV curves from a CPF.
PV curves estimated by the new method. It can be observed from Fig. 9 . that the estimated post-contingency PV curve exactly matches with the PV curve estimated by CPF routine.
The pre-contingency PV curve from CPF routine lies between the estimated pre-contingency PV curves as explained earlier that the exact PV curve lies between the estimated PV curves in this new method.
C. PERFORMANCE OF THE PROPOSED METHOD WITH DIFFERENT TYPES OF LOAD AND A cpf ALGORITHM
The proposed method is tested with the following types of loads using the IEEE 14 bus system as a network:
The details of the above load models are available in [26] . The estimated PV curves for the above load models are shown in Fig. 10 . The new method was developed such that it estimates the region (two pre-contingency PV curves) where the ''exact'' solution of the PV curve exists. It can be observed from the figures that the PV curve from CPF lies between the estimated PV curves. It can also be observed from Fig. 10 . that the method performs well for the given type of loads because the CPF solution is always in the estimated region (between the estimated PV curves).
This method is also tested with a PQ load connected to the secondary side of Under Load Tap Changer (ULTC) and the details of the ULTC model are available in [26] . In this case, the primary side voltages of the ULTC are used to estimate the region of the PV curve. The estimated PV curves along with the CPF solution are shown in Fig. 11 . It can be observed that actual PV curve is in the region estimated by the proposed method (between the estimated PV curves).
V. APPLICATION TO THE NORDIC-44 BUS SYSTEM
In this section the proposed index is tested on using simulation time-series from the Nordic-44 bus system. First the system is described; later different case studies and analyses of the obtained results are presented.
A. SYSTEM DESCRIPTION
The Nordic-44 Bus test system is an equivalent representation of the Nordic grid (Sweden, Norway and Finland) as shown in Fig. 12 . and was originally implemented in PSS/E [21] , [22] . It consists of 44 buses, 61 generators with various control systems (exciter, turbine, governor and stabilizer), 67 transmission lines (420 kV and 300 kV) and 43 loads. The regions shown in this model are defined according to the Nordic electricity market bidding regions. The historical market data was matched w.r.t the power flow results for this model and the details can be found in [22] . 
B. CASE STUDY-1-SINGLE LINE TRIP
In this case study, one of the double circuit lines between Bus 5304 and 5305 in the NO5 region in Norway was tripped at 10 th sec (red dotted line to the farthest left in the zoom-in box). Load perturbations are applied every 10 seconds after the contingency until the end of the simulation. The load perturbations are selected such that it covers low, acceptable and high loading levels. The voltage and power at Bus 5304 are shown in Fig. 13 . An initial load of 250 MW was considered and is increased at the end of the 20 th and 30 th sec as shown in Fig. 13(b) . It can also be observed in Fig. 13(a) that the voltage at the bus drops after the contingency and it further decreases with an increase in load power consumption. Voltage and active power values at the no load operating condition, minimum voltage limit operating condition and maximum loading limit operating condition are given as an input for estimating pre-contingency PV curves. Using the pre-and-post contingency data and other platform data the proposed voltage stability index was calculated using signals from bus Geilo (Bus No. 5304). The obtained results are given in TABLE 4 and the post contingency PV curves w.r.t both pre-contingency curves are shown in Fig. 14 . In this case study, the limits are set to 10% less than the theoretical limits (ε = 0.1). VOLUME 6, 2018 These curves are estimated using the data highlighted in blue and red colour in Fig. 13 . and these points are plotted in brown colour on the pre-contingency curve (blue, green) and in red colour points on the post-contingency curve (red) as shown in Fig. 14. 
DISCUSSION OF THE RESULTS IN CASE STUDY 1
It can be observed from TABLE 4 that both the elements of GBI are close to zero and non-negative. This indicates that the voltage and power limits are not violated. The same can be observed in Fig. 14 . On further inspection of the SBI it is found that the loading level on bus 5304 has a narrow margin to the limits in post-contingency. Thus, from the severity index it can be interpreted that although the operation of the system at this loading level is not violating the power and voltage limits of the system, if this loading is reached after the occurrence of this contingency, then the operational margin is significantly low. This relative measure of strength of the contingency can be used in dynamic analysis tools [27] or in developing preventive control actions based on machine learning techniques [28] .
C. CASE STUDY-2-MULTIPLE LINE TRIPS
In this case study, four contingencies are created and analyzed. The lines between the buses 5101-5102, 5101-5103, 5102-5103 and 5103-5304 are tripped and are labeled as C1, C2, C3 and C4, respectively. VS severity index was calculated with respect to three buses (buses 5102, 5103, and 5304) for each of the above-mentioned contingencies. Twelve simulations were performed in total as shown in TABLE 5. At the end of simulation twelve PV curves are obtained (omitted due to space limitations). The operational limits used to compute the index were set to 10% less than the theoretical limits (ε = 0.1) for both powers and voltages.
DISCUSSION OF THE RESULTS IN CASE STUDY 2
Even though the PV curves and simulation results are not shown herein due to space limitations, the indexes presented in TABLE 5 provide sufficient synthetic information for analysis. It can be observed from the GBI results that out of the four contingencies analyzed, only in C1, C2 and C3 there are violations of power and voltage limits. It can also be observed from the ABI that for all contingencies the power and voltage violation occurred at heavy loading conditions. A close look at the SBI results indicates that for contingency C1 two buses violated power and voltage limits signifying the importance of the line with respect to voltage stability. The indexes plotted in Fig. 15 . shows that bus 5103 violates voltage stability limits in the post-contingency for the contingencies C1, C2 and C3. This indicates that bus 5103 is most sensitive to the events C1, C2 and C3. The index also shows that contingency C4 is the least significant when compared to all the contingencies in the study.
It can be observed from TABLE 6 that the new method requires less time-series data and it preserves more information while at the same time achieving higher reduction. The same can be observed and interpreted from the calculated data synthesis factor.
VI. CONCLUSION
In this paper, a new methodology to compute a modified three-layer severity index to assess power system voltage stability was described. Unlike the previous index computation approach [24] , which requires O(3n) time-domain simulations, the new algorithm requires only one time domain simulation per contingency with sequential load perturbations O(n) to calculate the severity of the contingency. The method replaces the requirement of running multiple simulations by extracting equivalent knowledge from the DSA platform's input data on no load voltage conditions. These modifications were made in order to comply with the software architecture of the iTesla platform, however, it can be readily used by other DSA tools, especially those without dedicated CPF routine. The data synthesis factor is calculated to highlight the value of the new method in synthesizing the information. Future work will focus on the deployment of this new approach on a platform that will use it to generate voltage stability rules via machine-learning techniques.
